The ceramic tile industry faces up to a saturated market and needs to offer innovative products constantly, competitive in quality and optimal from the economic and environmental point of view. Ceramic tiles lightened by the execution of a deep back relief could be manufactured with less raw material than the traditional one, which has an effect in the saving of weight and energy. Additionally, a lighter final product improves working conditions on the shopfloor and at the building site. Nevertheless, lightened tiles are structurally different, and so is their mechanical and thermic behaviour. Because it is a constructive element it is necessary to know its response under typical loads and assure fulfilment of the valid standards. This paper aims at the objective of evaluating lightened ceramic floorings employing solid three-dimensional modelling and finite elements method (FEM), establishing an optimal definition of the back relief. In order to achieve this objective, 1 reference model and 56 different relief versions were defined, which underwent 4 structural tests. After deciding that both mass and principal stresses (Rankine criterion), were the magnitudes to consider in the study, the maximal stresses of each version for each test were calculated, as much as their distribution. Next, 4 comparison coefficients were defined and a suitability order was established. Finally, thanks to the collaboration with a ceramic company it was verified that the employed methodology was appropriate. Altogether, it has been concluded that lightened tiles could improve both raw material consumption and structural response simultaneously. A set of fundamental behaviour guidelines has been extracted and could be taken as a basis for the back relief design of any enterprise. Regardless these guidelines, this paper proposes a methodology for the geometric evaluation of floorings that could be extended to other kinds of products and design variables.
Introduction
The ceramic tile industry faces up to a highly saturated market and so needs to offer innovative products constantly, able to integrate functions which could be perceived by users as added value. The new ceramic products have to be competitive in quality and look for an optimum from the economic and environmental point of view.
The ceramic tile market has dramatically changed in the last decade. European producers, located in the clusters of Castellon (Spain), Emilia Romagna (Italy), and Sao Paulo (Portugal), 1) have traditionally led this market with high quality tiles and a wide variety of models. This leadership is nowadays moving to the emergent companies, mainly established in Asia and South America, 2) where the internal demand is growing exponentially, workforce is inexpensive and tax burden politics have been developed in order to protect internal production. On the other hand, the increase of the energetic costs (natural gas and electricity), 3) together with the new environmental requirements, imposed by governments in order to reach the objectives of the Kyoto Protocol 4) and the accomplishment of the international regulations in the matter of production quality and building safety have definitely transform the global picture of the ceramic sector.
Aiming to success in this new environment, producers around the world have deployed new design strategies. Tiles with novel functions such us phosphorescent or bactericide floorings, 5) the development of advanced materials even making use of waste of other industries, and the introduction of improvements in the technology of the manufacturing process have been so far the most important ones. 6) Complementing these strategies, we propose the modification of the structure of the tile by carving in the back side a deep relief.
Back reliefs have always existed in the tile industry. They had a considerable importance in the beginning of serial production, since reliefs permitted maximal ventilation during the piling up inside passage kilns. At the same time, cements were still rudimentary, and reliefs contributed to a better arrangement. However, the introduction of continuous kilns (single-stratum) in the 80s eliminated the need for the piling phase, and by the time mortars reached full development. 7) , 8) These two facts have resulted in the total loss of relevance of back reliefs, which can still be found in current tiles, but with a marginal function, not belonging in any case to the design approach of the companies. Moreover, they hardly exceed 1mm depth, so that they do not offer any essential structural variation to take advantage of.
On the contrary, ceramic tiles lightened by the execution of a deep back relief could be manufactured with substantially less raw material than the traditional one, which has an effect not only in the saving of bulk material (mass), but also in the saving of production and transport energy. Additionally, a lighter product could be attractive to producers and builders, since it improves the working conditions on the shopfloor and at the building site due to the handling of lighter bodies. Nevertheless, lightened tiles are structurally different from the conventional one, and so should be their mechanical and thermic behaviour. Because it is a constructive element it is necessary to know its response under typical loads to assure that it accomplishes with the valid standards.
This paper aims at the objective of evaluating lightened ceramic floorings employing the techniques of solid three-dimensional modelling and finite elements analysis (FEM), verifying this change of structural properties and establishing at the same time the bases for an optimal definition of the back relief, understanding as an optimum the design that could combine in the aptest way weight saving and mechanic and thermic response, within the viability of the current serial manufacturing methods.
Solid three-dimensional modelling is basically an unknown technique in the ceramic sector due to the massive use of plane drawings, which many times are manually performed and managed. Regarding FEM, although this method has been welcomed in the field of the advanced ceramics, it has been barely applied for the evaluation of ceramic floorings. In addition, two-dimensional models and thermic loads have hoarded the most of the studies, leaving aside both tri-dimensional interests and mechanic requirements.
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Due to the very few antecedents found in the bibliography in this sense, this paper opens a window to later studies and provides very valuable information to the design and production departments of the ceramic companies.
Experimental approach
In order to achieve the objective of the work, the following methodology was deployed. First, a set of ceramic floorings representing conventional and carved variants were defined and virtually modelled. Next, we tested them under different structural loads using computational simulation. The results gathered in these tests were compared and analysed according to several coefficients previously defined. Then, we could elaborate some interesting guidelines for the optimal definition of deep back reliefs in ceramic tiles, which would provide both a very profitable saving of mass and an adequate mechanic and thermic response. Finally, our methodology was physically checked in the facilities of the international company Keros Cerámica S.A. by means of the in-line manufacturing of some of the models and their standardised test. The reference model represented a traditional flooring, with a conventional parallel strip back relief of 1 mm depth. Carved models were based in different tessellations (grids), obtained by the repetition of a vacuum pyramid, whose section varied regarding different regular polygons, starting from the circumference and ending with the regular octagon (polygons of more than 8 sides were not considered since they would involve too small edges and relief walls). Figure 1 shows a scheme of the models.
Models definition and configuration
The choice of these reliefs was due to their simplicity for comparison, since they could be compared according to the section shape of the elemental pyramid, the regularity of the tessellation, and the symmetry of the relief. Besides, they represent variants that could be hypothetically manufactured with the current technology. Table 1 shows the details of the models in respect of these comparison standards:
In order to model these floorings, we employed the software ProEngineer Wildfire 2.0 of Parametric Technology Corporation. Two premises were taken into account. On one hand, only complete pyramids should be modelled to assure that no geometric variations were introduced in the tessellations. On the other hand, pyramids should be arranged symmetrically (as much as possible) with respect to the plane axis x-y, so that we could work with just a quarter of each tile, with the corresponding saving of time and computational resources.
For the definition of the different reliefs, we fixed that the external surface of the pyramid should cover and area of 100 mm 2 (a typical area for traditional reticular reliefs fired in passage kiln), and we determined the diameter of the circumference "D" that would inscribe each polygon in order to cover this area as follows:
Where "A" denotes the covered area of 100 mm 2 and "n" is the number of edges of each polygon.
Then, we decided that the most characteristic parameters of 
; .
π π the tessellation were to be relief depth (P) and relief wall angle (β), calculating the diameter of the circumference that would inscribe each polygon in the internal surface in this way:
With these data and bearing the mind the mentioned restrictions for modelling, we could establish the number of pyramids that would integrate each relief, symmetrically distributed, so that, for each pair {P, β}, all versions evacuated a similar amount of mass, a therefore an almost pure geometric comparison was possible.
Next, we created 8 parametric versions of each carved tile by modifying by considering variants of relief depth with values of P = {2, 4, 6, 8}mm, variants of relief wall angle with values of β = {50, 60, 70, 80}°. Parameters were varied independently, so that results could be clearly referred to one geometric change.
Therefore depth versions kept a neutral value of β = 70°, and angle versions kept a neutral value of P = 4 mm. Altogether, 57 versions were considered (1 of reference, and 56 with relief). Figure 2 shows as an example the parametric versions of model 6 (hexagonal model).
Tests simulation
For the complete mechanical and thermic evaluation of the tiles, we selected the four typologies of loads that compile the most usual working conditions of floorings: uniform press and punctual force applied on the decorated surface while the flooring is totally restricted by the mortar (uniform and punctual tests), linear force applied on the middle section of the decorated surface while the flooring rests on two supporting cylinders (flexion test), and a convective thermic load applied on the decorated surface while the back side is limited to a constant temperature (thermic test). For the numerical definition of the loads, we consulted the international standard ISO 10545 "Ceramic Tiles" 24) and the Spanish "Technical Code of Edification, Basic Document of Structural Safety and Edification Actions (BD SS-EA)", 25) which is based in the directives of the European Union on construction. More details of the tests are given by Table 2 :
To compute these tests, we chose the software Mechanica (structural module of ProEngineer).
In the uniform, punctual and thermic tests, the condition of being totally restricted by the mortar on the back side was simulated by the cancellation of the three moving degrees of this area. In carved models, only the external surface of the relief was restricted in order to take into account the most critical case, in which the mortar does not set inside the holes of the tessellation. In addition, this area was forced to present a constant temperature of 20°C in the thermic test. With regard to the flexion test, the three cylinders considered in the standard were substituted by three virtual regions of 2 mm width and the product length. The one located in the decorated side of the tile, coinciding with the geometric centre of it, simulated the load application area, whose value was pre-calculated as 7.5 MPa, bearing in mind a flexural strength of 35 MPa, which is the extreme value fixed by regulations. The two regions situtan ; tan 
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ated on the back side 20 mm far away from the outline simulated the supports, and so the vertical movement of these areas was hindered.
In all cases we employed tetrahedral solid elements of 10 nodes and 3 degrees of freedom (x, y and z) 26) and the defective meshing of the software, which created between 70 and 3000 elements depending on the complexity of the version, providing an acceptable refinement of the mesh around the external perimeter and the relief. The convergence method was "simple pass adaptive", where Mechanica run a first pass at a polynomial order of 3 and determines a local estimate of stress error. Using this error estimate, Mechanica determines a new p-order distribution and performs a final pass. The alternative "multi-pass adaptive" method, where the software calculates results at increasing polynomial orders until convergence criteria are satisfied, lead to less than 2% different values, so we chose the simple method, which was considerably faster. Finally, the "large deformation field" was ignored, since deformations should be approximately proportional to stresses at the level of the study.
To end up with the simulation preparations, it was necessary fixing the material characteristics of the tiles, distinguishing between ceramic support (body) and the glaze (decoration). In particular: density (g), Young modulus (E), Poisson coefficient (μ), thermic expansion coefficient (α), thermic conductivity (k) and specific heat (C) were to be defined. Values for these properties found in the recent bibliography are summarised in Table 3 .
After the analysis of this information, we employed the values presented in Table 4 for our study, which are based on those used in the most similar papers:
Evaluation criteria
For the evaluation of the results that our tests would provide, we initiated a multi-criteria decision process, considering two criteria, which would represent the dual objective of deep back relief tiles: minimal mass and maximal structural response. It should be stressed that this kind of decision-making techniques are usually unfamiliar in the tile industry, where decisions are many times supported only in subjective assessments and costs balances.
To integrate the first criterion, we defined the coefficient "Cm" as the relation between the mass of the carved versions and the reference model as follows:
With regard to the structural response, we turned to the static resistance criterion of Rankine for brittle materials, which states that failure occurs when either the maximum principal stress (σ 1) reaches the uniaxial tension strength (σ t), or the minimum principal stress (σ 3) reaches the uniaxial compression strength (σ c) of the material. Considering the values found in the bibliography for both strengths, the criterion stayed as follows: 
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Bearing in mind these two eqs., we defined the coefficients "Ct " and "Cc", which would relate the answer of the carved versions with respect to the reference one for tension and compression as follows:
Eventually, we defined a global coefficient "Cglobal" to weigh up the two criteria of the study:
Just as the coefficients have been built, the higher the percentages, the better the version. Positive values would always involve improvement with respect to the reference model, whose Cglobal is constant and equal to zero. It is important to remark the relative nature of these coefficients, since they ponder the mass and structural response of the carved versions with the reference one. The particular numerical values of the stresses found during the trials do not have to be taken isolated, because they do not only depend on geometry, but also on the mechanic properties of the materials, which are chosen from the bibliographic sources. On the contrary, the comparison between results of different versions is totally fair, and can lead to correct conclusions in all hypotheses, not only those of this study.
Complementing the coefficients, we obtained the stress distribution of each version for each test thanks to the iso-stress graphics provided by the software, which would help us to understand the numeric values found for σ 1 and σ 3. Table 5 summaries the values of the coefficients Cm, Ct and Cc for each parametric version and test. Minimal values of these coefficients for the parameters of the study P and β have been highlighted in dark gray, whereas maximal values have been highlighted in light gray. The two columns on the right show these extreme values again.
Results
With this information, the resulting global coefficient Cglobal is presented by Table 6 . Meanwhile Fig. 3 and 4 offered its graphic distribution. The reference model (whose value is constant and equal to zero) is represented by a discontinuous black straight line.
Conclusions
From the tables and Figs. previously exposed, some interesting conclusions and basic guidelines for the optimal design of deep back reliefs could be formulated.
On one hand, tiles lightened by means of deep back reliefs could save between 2 and 31% of mass. These percentages correspond to the models employed in this study, and could be taken as a reference. Nevertheless, different configurations and specific materials could increment weight reduction per part. 
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Regarding structural response, as it was supposed, carved models have a different mechanic and thermic behaviour with respect to the traditional tile. Lightened models are in general admissible from the point of view of the structural stability, as long as depth relief is less than 80% of the maximal thickness of the tile. For equal or higher depths, we observed a sudden growth of the stresses, regardless the typology of the load.
According to values of Cglobal, reliefs based on regular tessellations show more compensated stresses in front of any kind of load, and therefore its use is recommended. In addition, regular reliefs present a greater compacity level for unite of surface, and so they could provide better mass saving. Complementary, 2-axis-symmetric reliefs are better tension catalysts. This phenomenon is especially important when the applied load is not uniform, and more specifically when it is applied on the symmetric or asymmetric axis respectively.
The variations of relief depth have more influence on the suitability of carved tiles than relief angle. This is due to two facts. First, from the perspective of the manufacturing, the variation grade of P is higher, since β is restricted by the current press technology, in particular the extraction from the mould after conformation. Secondly, the variations of P involve higher variations of mass. Thus, when it is only possible to balance one of these two parameters, it would be more effective to select depth.
In any case, the best compound response (massy, mechanic and thermic) has been found for intermediate values of both P and β, which is due to the different distribution of stresses and strains got by the reticular disposition of the mass in the back relief. In particular, for medium values of depth and angle relief, the stress distribution through the wall and external surface of the reliefs is optimal. On the contrary, extreme values of relief depth and angle lead to instability. This is because stress accumulates either in the interior edges of the relief, or in the exterior ones. Figure 5 shows clearly this tendency. In the case of the thermic test, the reduction of mass causes the fall of the thermic gradient, which is complementary responsible for the loss of internal tensions.
For a more detailed definition of the influence of P and β, It is to remark that even low improvements are meaningful. They might not be important in the case of final products, but they could be essential during manufacturing, when the product is much more brittle and inconsistent. Obviously, at that stage, the structural properties of the parts are completely different (e.g. Young modulus is around ten times lower before firing). However, the relative improvements would remain.
With regard to the nature of critical stresses, lightened models are more vulnerable in front of compression for uniform and punctual loads and so the most usual defect would be bulging, whereas in case of flexion, collapse would happen mainly by traction and so cracking is expected. For thermic requirements, this nature depends on the sign of the load: positive increments of temperature would cause tensile fracture, while negative increments would originate compression collapse. Table 6 specifies the correlation between these critical forces: (right) for P = 8mm and P = 2mm (above) and β = 80° and β = 50°( below) respectively. Red colors denote high stresses (tension) and blue colors low stresses (compression). 
Physical checking
Thanks to the close collaboration with the firm Keros Cerámica S. A. in the frame of the projects "Study of the manufacturing viability of low density tiles. ECOLIGHT Project" and "Integration of the glazing and decorating processes for the manufacturing of the ceramic tile Ecolight. DECOLIGHT Project", some of the floorings proposed in this study have been industrially manufactured and tested.
So far, the model based on the regular hexagon (model 6), which showed some of the best results for the four comparison coefficients, has been produced in shoop-floor conditions. It was verified that its manufacturing is totally feasible with the current technology, even though firing had to be adjusted in order to avoid quality defects in the decorated surface. Moreover, pressing should also be investigated, since reliefs are more sensitive to sudden crack growth, apparently due to micro-cracks originated at this step.
Samples of this model were also tested as specified by the standard ISO 10545-4, finding a very satisfying accordance with the computational values. Further tests are currently taken place and would complement our research.
Discussion
As said, lightened tiles could save an important amount of mass, which would cause not only the saving of raw materials, but also a saving of kinetic and calorific energy. It would be especially convenient to deepen in the firing phase, where the fact of having to bake less material together with the increase in the contact surface between part and furnace atmosphere would provide an important fall of energetic consumption due to the improvement of the diffusion and degasification processes. Therefore, it is to be expected a saving higher than the strictly proportional to the mass descend. Moreover, cooling would speed up, and companies could increment production rates.
On the other hand, as it can be observed in Table 4 , flexural stresses are always higher for carved models than for the traditional one. This is due to the reduction of section induced by the reliefs, so that, strictly, we can not state any improvement for this load. Nevertheless, it would be interesting to determinate the flexural strength "R" defined by the international standard ISO 10545 as:
Where "F" is the force applied at the fracture point, "L" is the length of the support span, "b" is the width of the tile and "h" its thickness. However, for the application of this calculation it would be necessary to redefine h, since it is considered as constant. The research of a new formulation to obtain R for carved models and so be able to establish the improvements introduced by reliefs in case of flexion would divert the objective of our study and so will be subject of further research.
Finally, this study proposes a principal of geometric and structural evaluation of ceramic floorings that could be extended to other kind of ceramic products, and other design variables, such us those of the format (length and width), opening a window to future work lines that could help in the introduction of advanced Computer Assisted Design tools in the ceramic sector. Also interesting would be to consider intermediate products in the research, applying FEM to simulate the mechanic and thermic loads of the manufacturing process. As much us possible, dynamic test should be undertaken, so that gradual cracking could be investigated. 
